Influenza A is a common respiratory infection of horses, and rapid diagnosis is important for its detection and control. Sensitive detection of influenza currently requires viral culture and is not always feasible. The polymerase chain reaction (PCR) was used to detect DNA produced by reverse transcription of equine influenza in stored nasal secretions, vaccines, and allantoic fluids. Primers directed at a target of 212 bp on conserved segment 7 (matrix gene) of human influenza A/Bangkok/ l/79 (H3N2) produced amplification products of appropriate size with influenza A/Equine/Prague/ l/56 (H7N7), A/Equine/Miami/63 (H3N8), A/Equine/ Kentucky/79 (H3N8), and A/Equine/Kentucky/2/91 (H3N8) in infected frozen allantoic fluids and in frozen extracts of nasal swabs of 2 horses with naturally acquired influenza. The products bound a 32 P-labeled hybridization probe to an inner region of the target. Control samples, including nasal secretions from a horse infected with herpesvirus, were negative. In a prospective study, 2 ponies inhaled aerosols of influenza A/Equine/ Kentucky/2/91 (H3N8), and thereafter supernatants of nasal swabs in transport medium were obtained daily for 10 days for culture and PCR. Amplification products were evaluated by size and binding of a 32 P-labeled probe and also by dotblotting and binding of a biotin-labeled probe. Culture detected influenza more consistently than did PCR in the first 2 days of infection, but PCR detected virus more often later in infection. Gels were the most sensitive, but radiometric and biotin-labeled probes gave specific results and were consistently positive from days 3-6. PCR is suitable for detection of equine influenza in clinical samples.
Influenza is a common and sometimes fatal respiratory infection of horses. Two subtypes of equine influenza virus, A/equine/H7N7 and A/equine/H3N8, are recognized. The archival isolates of these 2 viral subtypes are influenza A/equine/Prague/56 (H7N7) and A/equine/Miami/63 (H3N8). H3N8 has been the major cause of influenza in horses since an outbreak with this subtype in Britain in 1979. 3 An avian-like virus, A/equine/ Jilin/l/89 (H3N8), has been identified in horses in China.10 Rapid and specific etiologic diagnosis is important for early detection and control of influenza in horses. The most sensitive method for diagnosis of influenza currently is culture of respiratory secretions in eggs or canine kidney cell culture. However, for reliable re-immunosorbent assay (ELISA) to detect soluble influenza antigens in nasal secretions is less sensitive than culture for human samples (Harmon MW, Moffett D, Couch RB: 1983, Abstr Intersci Conf Antimicrob Agents Chemother #682). 4, 6, 8, 11, 12 Recently, we reported sensitive, type-specific tion of influenza A in respiratory secretions of h by amplification of a 212 base pair (bp) target matrix gene with the polymerase chain reaction ( detecumans on the PCR). 7 The method appeared as sensitive as culture for diagnosis of naturally acquired influenza A 7 and could detect influenza successfully in respiratory secretions stored frozen for of this PCR assay to detection of equine influenza viruses. sults, fresh respiratory secretions must be cultured. Moreover, cultures can take up to 5 days to complete.
Materials and methods Influenza can be rapidly detected in smears of nasal secretions by immunofluorescent labeled antibod-Viruses. Whole viral vaccines a of influenza A/Leningrad/ ies 1, 5, 9, 15 but the procedure is usually less sensitive than x-91 (H3N2) and A/Bangkok/ l/79 (H3N3) served as a source , of viral RNA for positive controls. Live influenza viruses culture and is very dependent on the cellular content used in this work were A/Equine/Kentucky/2/91 (H3N8). of the clinical samples and quality of antibodies. Sim-A/Equine/Kentucky/79 (H3N8), A/Equine/Miami/63 ilarly, diagnosis of influenza by use of enzyme-linked (H3N8), and A/Equine/Prague/56 (H7N7). Viruses were grown in the allantoic cavity of lo-day-old embryonated chicken eggs. The isolate of influenza A/Equine/Kentucky/ From the Veterans Affairs Medical Center (Donofrio, Coonrod) 2/91 used for experimental infection had been passed once and the Departments of Medicine (Donofrio, Coonrod) and Veter-in eggs after being obtained from a naturally infected horse. ryngeal swabs were obtained from horses naturally infected Received for publication February 24, 1993. with type A influenza or other respiratory viruses and from Figure 1. Schematic representation of PCR primers (A1 and A2) and hybridization probe (AH2) for detection of equine influenza. The oligonucleotide sequences are derived from segment 7 (matrix gene) of A/Bangkok/l/79 (Al position, bases 101-125; A2 position, bases 312-290). Orientation is as indicated for each primer and the probe. To maximize homology with known influenza isolates, both primers contain a single degeneracy, as indicated within parentheses. The probe hybridized with the inner region of a 212-bp amplification target.
ponies experimentally infected with a nebulized aerosol of A/Equine/Kentucky/2/91 (H3N8), Each pony was inoculated by use of an Ultraneb-99 nebulizer b for about 5 min with 2 hemagglutination units of live virus diluted in 4 ml of sterile distilled water.16 Nasal swabs were obtained before and 10 consecutive days after viral inoculation.
Swabs from infected horses or ponies were placed immediately in vials containing 5 ml of phosphate-buffered saline (PBS) with 10% glycerol and antibiotics (penicillin, streptomycin, gentamicin, and amphotericin). Inoculated vials were mixed briefly, and aliquots were cultured immediately by inoculation into the allantoic cavities of chicken eggs (0.1 ml/egg). Eggs were incubated at 35 C for 3 days and chilled, and the allantoic fluid was harvested and tested for influenza by viral hemagglutination. Hemagglutination was measured by adding washed chicken red blood cells to serial dilutions of allantoic fluid in PBS in a final reaction volume of 100 µl.13
Aliquots of respiratory secretions or infected allantoic fluids for PCR were stored frozen for up to 1 year (naturally infected horses) or kept in the refrigerator for up to 3 days (experimentally infected ponies).
Primers and hybridization probe. The primers and hybridization probe (patents pending) used to detect equine influenza have been described elsewhere for diagnosis of influenza A in humans. 7 Their structures are shown for reference in Fig. 1 . These primers were originally developed for amplification of a target of 212 bases on the matrix gene (segment 7) of human influenza A/Bangkok/l/79 (AC# K01140).7 Their utility with equine influenza viruses was estimated by use of the GenBank® data base and the European Molecular Biology Sequence Database (Gene/Protein Sequence Database)." Emphasis was placed on recent equine and avian isolates. A program (Oligo® 4.0) d was used to evaluate dimer-dimer formation and intramolecular bonding of primers.
RNA extraction, reverse transcription, and PCR. Nine parts of denaturing solution (4 M guanidinium isothiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, and 0.1 M 2-mercaptoethanol) were added directly to 1 part of frozen or refrigerated supernatant fluid from nasal washes. Yeast tRNA e was added during thawing and mixing. Phenol-chloroform extraction, followed by ethanol precipitation and vacuum centrifugation of the RNA-containing aqueous phases, was carried out by minor modifications of the single-step method. 2,7 The DNA template for PCR amplification was produced from the viral RNA by use of M-MLV reverse transcriptase, e as previously described 7 .
Reverse transcription was carried out for 1 hr at 37 C under previously described conditions. 7 The following reactants were then added at room temperature to the same tubes that had been used for reverse transcription: 10 µl of 10 x PCR buffer; f 4 µl of a 2.5 mM mixture of the deoxynucleotide triphosphates, dATP, dCTP, dGTP, and TTP; 1 µl each of the PCR primers A1 and A2 at a concentration of 0.1 µM each; and 2.5 units of Taq polymerase f in a total reaction volume of 100 µl.
Routine controls for PCR included a known positive (whole virus vaccine, human influenza A/Leningrad/x-91) and negative controls containing all reactants, including clinical samples, but without reverse transcriptase. PCR was performed for 35 cycles in a thermal cycler. f Each cycle consisted of a denaturation step at 94 C for 1.5 min, annealing at 37 C for 2 min, and extension at 72 C for 3 min.
Identification of PCR products. Products were identified either by gel electrophoresis, followed by Southern transfer and hybridization with a 32 P-labeled hybridization probe (AH2) as described elsewhere, 7,17 or by dot blotting and hybridization with AH2 labeled with biotin and visualized through a chemiluminescent detection system for DNA (Southern Light TM ). G For dot blotting, PCR products were denatured with NaOH and neutralized with ammonium acetate, and serial dilutions were placed on nitrocellulose (4 dilutions for each sample) with a Biodot Apparatus. h The hybridization probe for detection of influenza in this system consisted of AH2 produced with biotin-labeled nucleoside amidate i added at the 5' end with a DNA synthesizer-j (8 biotin molecules per nucleotide sequence).
A solution containing 20 µg of biotinylated probe was used per 100 cm 2 of nitrocellulose filter. After hybridization was complete, the filter was blocked with 1 x conjugate buffer g containing 0.1% Tween 20. Conjugate buffer contained 0.2% I-block reagent g and 0.002% sodium azide in PBS. The blot was then incubated at room temperature with alkaline phosphatase conjugated with streptoavidin for 30 min, washed, and blocked. with nitro-block g dissolved in assay buffer, pH 10 (0.1 M diethanolamine, 1 mM MgCl,, and 0.02% sodium azide).
A direct chemiluminescent substrate for alkaline phosphatase, designated AMPPD TM or disodium 3-(4,methoxy-spiro{1,2-dioxetane-3,2'-tricyclo[3,3,1,1]decan}-4-yl) phenyl phosphate g was added as a 25 mM concentrate in assay buffer to the filter. After dephosphorylation, the filter was agitated for 5 min and drained but not dried. AMPPD produces an unstable intermediate that slowly decomposes to emit light at 477 nm. The light is detected on radiographic film. In this case, the blot and liquid substrate were placed between 2 sheets of cellulose acetate and loaded into a film cassette with radiographic film for 2 hr at room temperature.
Results
Selection of primers. Primers A1 and A2 and hybridization probe AH2 were originally designed to match highly conserved regions of the matrix gene segment of influenza A viruses of different species.' The matrix gene of influenza A/Fowl Plague/Weybridge/ 27 (H7N7) showed 96% homology with A1 and 91.3% homology with A2. The introduction of a single nucleotide degeneracy depicted in A1 (Fig. 1) resulted in 100% homology with this gene and with sequences of 10 other avian or human matrix genes in the data base. Likewise, introduction of a single degeneracy in A2 gave 96% homology with 8 of 10 of the isolates and 89% and 91% with the 2 other isolates. Accordingly, these primers, which had previously been used for detection of a 212-bp target on the highly conserved matrix gene of human A/Bangkok/l/79 (AC #K01140) ( Fig. 1) were evaluated for reactivity with equine influenza viruses. A search of GenBank and EMBL data bases revealed that primer Al had 100% homology with segment 7 of influenza A/Equine Kentucky/86 (H3N8) and A/Equine/Tennessee/86 (H3N8) and 88% homology with segment 7 of A/Equine/Prague/56 (H7N7). Primer A2 was 100% homologous with both A/Equine/Kentucky/86 and A/Equine/Tennessee/86 and 78% homologous with A/Equine/Prague/56. The hybridization probe (AH2) to an inner region of the target of A1 and A2 was 93% homologous to both A/Equine/Kentucky/86 and A/Equine/Tennessee/86 and 86% homologous with A/Equine/Prague/56. Analysis indicated that the potential for inter-and intramolecular binding in A1 and A2 was acceptable for efficient target amplification.
Detection of equine influenza viruses with PCR. Sam-
ples of equine influenza viruses available for PCR included allantoic fluids of embryonating chicken eggs infected with A/Equine/Prague/l/56 (H7N7), A/Equine/Miami/63 (H3N8), or A/Equine/Kentucky/ 2/91 (H3N8) and extracts of nasal swabs from 2 horses with naturally acquired influenza. These samples 'had been frozen for at least 1 year. Disassociation buffer was added directly to the frozen samples, which were then thawed and mixed with yeast tRNA. 7 RNA was extracted, viral DNA was produced by reverse transcription with the A2 primer, and PCR was performed for 35 cycles. Inactivated whole influenza vaccine (A/ Leningrad/x-91) was used as a positive control, and frozen extracts from a horse with naturally acquired respiratory herpes virus infection were used as a negative control. Amplification products were electropho- resed on 2% agarose, stained with ethidium bromide, and visualized with UV light. Results (Fig. 2) showed that products of about 212 bp were obtained with influenza vaccine and all samples of equine influenza but not with the sample containing respiratory herpes virus. The specificity of the products visualized on the gel was confirmed by autoradiography with a 32 P-labeled hybridization probe (AH2) (Fig. 2) . These data included that PCR detected both H7N7 and H3N8 equine influenza viruses in a specific manner and reacted with matrix gene of related clinically prevalent isolates with sufficient sensitivity that influenza was detectable in samples of respiratory secretions stored frozen for at least 1 year.
Detection of influenza in experimentally infected ponies. The sensitivity of PCR and culture for detection of influenza virus were compared directly in an animal model. Two ponies were placed in respiratory isolation, and baseline blood and respiratory secretions were obtained. Pony 1 was seronegative for influenza, and pony 2 had a low positive serum hemagglutination inhibition titer. The animals were inoculated with 2 hemagglutination' units of A/Equine/Kentucky/2/91 (H3N8) by nebulization over about 5 minutes. Temperatures and nasal swabs were obtained daily. Fever developed in the seronegative pony (Table l) , and this Table 1 . Comparison of culture and PCR for enza A/Equine/Kentucky/2/91 in nasal swabs of detection of influ-as determined by detection of a product band of approximately 212 bp after electrophoresis on gel, appeared slightly more sensitive than did Southern transfer and use of the 32 P-labeled probe or dot-blotting and use of the biotin-labeled probe. However, detection of bands on agarose gel was more subjective than reading films exposed to the probes. Moreover, probes gave specific identification of PCR products. Both radiometric and nonradiometric variants of the AH2 probe gave identical results and were consistently positive from day 3 through day 5 postinoculation. Dot blotting gave stronger specific bands than did radiometric assay. PCR detected influenza virus later in the illness than did culture and in pony 2 was positive as late as day 9 postinoculation, 3 days after cultures had become negative.
Discussion
The present studies demonstrated that PCR with primers to a 212-bp target on the matrix gene of A/Bangkok/l/79 readily detected isolates of equine influenza H7N7 and H3N8. With clinical samples, PCR appeared to provide a sensitive and specific test for isolates of A/Equine/H3N8. Although cultures were more consistently positive early in infection, PCR remained positive longer. We have previously observed similar differences between culture and PCR 7 or culture and ELISA in detection of influenza in humans. 4 Apparently, culture detects smaller numbers of viable influenza viruses than does PCR, whereas PCR or immunologic tests can detect both nonviable and viable influenza. This characteristic of PCR would obviously be valuable when prompt sampling of an outbreak is not possible. Also, PCR is faster than culture, although more laborious. The entire process, including RNA extraction, reverse transcription, performance of PCR, and product identification can be finished within 2 days.
The present studies indicate that PCR can detect influenza in frozen equine respiratory secretions. This finding has been documented previously for influenza virus in human nasal washes. 7 The present studies also showed that PCR could be carried out successfully with nasal secretions stored for several days in the refrigerator in antibiotic-containing transport medium. It was not necessary to inactivate RNAases in fresh samples immediately with disassociation buffer; it was sufficient to add the buffer just before the frozen or refrigerated samples were tested in PCR. This point is of practical importance because disassociation buffer contains caustic and unstable ingredients. The success of the present PCR assay suggests it may be suitable with samples where influenza is no longer viable, as can be the case in epidemiologic work or with samples mailed to clinical laboratories for analvsis. pony also had coughing and nasal discharge for several days.
Each day, nasal swabs from the ponies were mixed with transport medium, and aliquots of the fluid were cultured immediately in the allantoic sac of embryonating chicken eggs. The remainder of the fluids were stored in the refrigerator for 3-4 days before assay with PCR. PCR products were characterized by gel electrophoresis and hybridization with the 32 P-labeled probe as well as dot blotting and hybridization with the same probe labeled with biotin. Hybridization was carried out with a commercially for DNA g based on say available nonradiometric aschemiluminescent development of film.
Results of cultures of serial nasal swabs (Table 1 ) indicated that influenza virus proliferated in the upper respiratory tract of both ponies. Hemagglutinin titers of triplicate samples of extracted nasal swabs peaked on day 5 postinoculation. During the first 2 days after inoculation, influenza was detected more consistently with cultures than with PCR, although both methods showed some skipping during this time. Results of PCR, In the present study, biotin was as effective as 32 P for labeling the hybridization probe for detection of amplification products. This observation is important in day-to-day use of the assay. Biotin offers greater safety and stability than 32 P in the laboratory and costs less overall. In addition, the image created on film by the biotin system seemed sharper and more easily read than that produced with 32 P. Radiation from 32 P may affect the integrity of the probe over time and can cause a more intense background.
The reactivity of primers A1 and A2 with equine influenza viruses was anticipated from the highly conserved nature of the influenza matrix gene. Evolutionarily, the matrix genes of A/equine viruses are the most divergent structurally among the 4 major host-related lineages of influenza A viruses (viz. A/Equine, H13 Gull viruses, human and classical swine viruses, and North American and Old World avian viruses.) 14 However, the gene is sufficiently conserved that all A/Equine isolates encountered in the present study reacted strongly with primers A1 and A2 that were originally targeted on human A/Bangkok/1/79. These findings suggest that A1 and A2 will reliably detect the matrix genes of otherwise diverse influenza A viruses from 1 year to the next.
With respect to epidemiologic work with PCR, it may be desirable to develop primers that can differentiate the 2 subtypes of equine influenza. For that purpose, primers to targets in conserved regions of genes for surface proteins, and especially hemagglutinin, seem most promising. Human influenza A and B can be detected simultaneously in a single tube assay in PCR, 7 and PCR could be used to assay simultaneously for several equine respiratory viruses, including equine herpesvirus.
